Stimulation of murine macrophages with corn silk induced cyclooxygenase (COX)-2 with secretion of PGE 2 . Expression of COX-2 was inhibited by pyrolidine dithiocarbamate (PDTC), and increased DNA binding by nuclear factor kappa B (NF-B), indicating that COX-2 induction proceeds also via the NF-B signaling pathway. A specific inhibitor of COX-2 decreased the expression level of inducible nitric oxide synthase (iNOS) stimulated by corn silk. PGE 2 elevated the expression level of iNOS, probably via EP2 and EP4 receptors on the surface of the macrophages.
Corn silk, an outer thread-like part of corn, has been used to treat pathological swelling and asthma in Korea based on folk remedies. Recently, corn silk extracts showed anti-oxidative activity to protect against lipid peroxidation. 1) They also had anti-fungal activity in the growth of Aspergillus flavus, 2) and inhibited tumor necrosis factor (TNF)-and lipopolysaccharide (LPS)-induced cell adhesion. 3) Cyclooxygenase (COX) is the key enzyme involved in the biosynthesis of prostanoids from arachidonic acid. COX, termed prostaglandin (PG)-H synthase, catalyzes the oxidative transformation of arachidonic acid into PGH 2 , the presursor of prostaglandins and thromboxane A 2 . Prostanoids are physiologically important modulators of inflammation, thrombosis, and vascular tone. COX-1 is constitutively expressed and responsible for regulating normal physiological functions, whereas COX-2 expression is inducible in cells which play a role in inflammation, such as macrophages, fibroblasts, and endothelial cells. 4) COX-2 has been induced by LPS, interleukin-1, and phorbol esters in human and murine macrophages.
Macrophages play key roles during the immune response after activation. 5) A variety of mechanisms can activate macrophages, including exposure to cytokines. Macrophage activation can also be stimulated by infection by bacteria, bacterial products, and their particulates. Macrophages can destroy tumor cells, and kill bacteria, virus, and parasites directly, secrete proinflammatory cytokines, act as antigen-presenting cells, and participate in tissue remodeling. Macrophage activation is followed by increased cell size, cytoplasmic spreading, elevated levels of cytokines and adhesion molecules, and non-protein mediators such as nitric oxide (NO) and PGE 2 production. Secreted prostaglandin promotes inflammation by inducing cellular migration into the site of inflammation and increasing vascular permeability. Increased prostaglandin is related not only to onset of symptoms derived from activation of acute immune response such as fever, but also to chronic inflammation and cancer. 6) In this paper, we report that stimulation of murine macrophages with corn silk induced COX-2 protein and generated significant amounts of PGE 2 . Previous results have indicated that macrophages express inducible nitric oxide synthase (iNOS) after stimulation with corn silk. 7) Expression of COX-2 by corn silk was inhibited by PDTC, an inhibitor of NF-B, and stimulation of macrophages by corn silk increased DNA binding by NF-B, indicating that COX-2 induction also proceeds via NF-B signaling pathways. PGE 2 , a COX-2 product, elevated iNOS induction by corn silk via E2 and E4 receptors on the surface of the macrophages, suggesting positive feedback regulation between iNOS and COX-2 proteins.
Materials and Methods
Cell and reagents. Raw264.7 cells, a murine macrophage cell line, were obtained from ATCC and cultured in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 ug/ml streptomycin in six well plates or in 10-cm dishes. Dulbecco Purification. The active fraction of corn silk was prepared by the method of Choi et al. 8) Corn silk was obtained from a local market, washed with distilled water, and disrupted for 5 min with pulses in an icechilled bead-beater (Biospec Products, Bartleville, OK). The homogenate was filtered with several layers of cheese cloth, and the filtrates were centrifuged at 10;000 Â g for 40 min in a refrigerated centrifuge, T-324 using a A-8.24 rotor (Kontron Instruments, Zurich, Switzerland). The supernatant was fractionated with ethyl acetate, and the aqueous fraction was applied on a Sephadex G-100 column, a phenyl Sepharose column, and finally a Sephadex G-150 column to obtain a purified fraction. All corn silk preparations were pretreated with polymyxin B for 2 h at room temperature to protect the corn silk from endotoxin contamination.
Immunoblot analysis. Ten ug of cell lysate was separated by SDS-PAGE and transferred onto nitrocellulose membranes, as described previously. 9) The blots were then washed in Tris-Tween buffered saline (TTBS, 20 mM Tris-HCl, pH 7.6, containing 137 mM NaCl and 0.05% [v/v] Tween 20), blocked overnight with 5% (w/v) BSA, and probed with mAb for anti-COX-2, and anti-iNOS in 5% (w/v) BSA dissolved in TTBS. Using HRP-conjugated secondary anti-mouse Ab, the bands were detected by enhanced chemiluminescence. PGE 2 production. PGE 2 levels in the supernatants of macrophages were measured with an enzyme immunoassay kit from Amersham Pharmacia Biotech (Piscataway, NJ), as described previously.
10)
Determination of NO À concentration. NO production in culture supernatants was assayed by measuring nitrite, its stable degradation product, using Griess reagent. After stimulation, the supernatants were centrifuged and its aliquots were mixed with 0.25 ml of Griess reagent to make a final volume of 0.5 ml, and then incubated for 10 min at room temperature before absorbance was measured at 540 nm. Na NO 2 was used as a standard.
Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA). Raw264.7 cells were stimulated with corn silk for different incubation times, and then nuclear extracts were prepared, following the method of Chen et al. 11) A double-stranded oligonucleotide probe containing NF-B binding sequences was purchased (5 0 -AGTTGAGGGGACTTTCCCAGGGC-3 0 , Santa Cruz Biotechnology, CA) and end-labeled with [-32 P]ATP using T4 polynucleotide kinase. Five ug of the nuclear extracts was incubated at 30 C for 20 min with 1 ng of 32 P-labeled NF-B probe or mutant probe in 10 ul of binding buffer containing 1 ug of poly(dI . dC), 15 mM HEPES, pH 7.6, 80 mM NaCl, 1 mM EGTA, 1 mM dithiothreitol, and 10% glycerol. DNA nuclear protein complexes were separated from the DNA probe by electrophoresis on native 5% polyacrylamide gel, and the gel was vacuum-dried and subjected to autoradiography using an intensifying screen at À80 C.
Results
An anticoagulant was purified and characterized from corn silk. 8) Since inflammation and coagulation are closely related, we tested whether it activates macrophages. Macrophages incubated with corn silk expressed high levels of COX-2 and produced significant amounts of PGE 2 in a dose-dependent manner. In our previous studies, 7) corn silk activated murine macrophages to express iNOS and to generate NO in dose-, and timedependent manners. COX-2 was induced by corn silk in a concentration range similar to that used to induce iNOS (Fig. 1A) . Expression of COX-2 was detectable at 2.5 ug/ml of corn silk after 24 h stimulation. Above 25 ug/ml of corn silk activation, the expression level of COX-2 decreased. The expression of COX-2 was also time-dependent. It was detectable first at 8 h after corn silk activation, reached the maximum level after 15 h, remained at elevated levels up to 32 h, and decreased by 48 h (Fig. 1B) . To confirm that expression of COX-2 was due to the carbohydrate part of corn silk, corn silk was treated with nonspecific protease, subtilisin B, or periodate oxidation. As shown in Fig. 1C , proteasetreated corn silk did not change the level of COX-2 expression, whereas oxidized corn silk significantly reduced the expression level of COX-2, indicating that the carbohydrate of corn silk is responsible for stimulation of the macrophages. We tested whether murine macrophages secrete PGE 2 after stimulation with corn silk. As shown in Fig. 1D , macrophages secreted PGE 2 in a time-dependent manner. The concentration of PGE 2 reached the maximum level at 32 h after corn silk stimulation, and decreased afterwards.
To determine signaling molecules contributing to corn silk-induced COX-2, we tested the effects of inhibitors of MEK (PD98059), p38 (SB203580), tyrosine kinase (genistein), and NF-B (PDTC) on the COX-2 induction of corn silk. Corn silk-induced COX-2 expression was not inhibited by the addition of PD98059, SB203580, or genistein, indicating that MEK, p38 MAPK, and tyrosine kinase are not involved in the signal transduction pathway stimulated by corn silk, whereas PDTC inhibited COX-2 induction significantly ( Fig. 2A) . Next we investigated the potential role of activation of NF-B in the expression of COX-2 by corn silk in mouse macrophages. The time course of NF-B activation after treatment with corn silk was studied. Nuclear extracts prepared from corn silk-treated Raw cells were assayed for activated NF-B in an EMSA. As shown in Fig. 2B , NF-B-specific DNA-protein complex formation reached maximum response after 1 h of treatment with corn silk, and decreased afterwards.
Next we determined whether expression of COX-2 stimulated by corn silk has an influence on iNOS expression in macrophages. When a selective COX-2 inhibitor, NS-398, was treated before stimulation with corn silk, expression of corn silk-induced NOS was lowered, suggesting a positive role of PGE 2 , a product of COX-2, in the induction of iNOS (Fig. 3A) . Exogenously added PGE 2 enhanced corn silk-stimulated iNOS expression (Fig. 3B ) and NO level (data not shown) in a dose-dependent manner. In addition, both of the PGE 2 receptor agonists, butaprost and 11-deoxy PGE 1 , also enhanced iNOS expression and NO level when they are treated with corn silk (Fig. 3C) , indicating that the stimulatory effects of PGE 2 on iNOS expression are mediated by EP2 and EP4 in macrophages.
Taken together, corn silk-activated murine macrophages to induce COX-2 by NF-B activation and induction of COX-2 positively regulated expression of iNOS and NO production by production of PGE 2 via EP2 and EP4 receptors.
Discussion
We found that corn silk activates macrophages to express high levels of COX-2 and generates PGE 2 in time-, and dose-dependent manners. The corn silk extract was purified and characterized to have anticoagulating activity in human plama and in a thrombininduced purified fibrinogen system. 8) Since the processes of coagulation and inflammation are closely related and share mediators, we tested whether the anticogulant from corn silk has effects on macrophages. LPS, which activates macrophages, has a strong stimulatory effect on factor X-activating activities.
12) An activator of coagulation, tissue factor can directly augment macrophage activation by factor VII1-dependent induction of pro-inflammatory changes in macrophages. 13) In vivo tissue factor also induces arthritis in mice by strong inflammatory processes via monocytes. 14) Induction of COX-2 was detectable at 2.5 ug/ml of corn silk and reached the maximum at 12-25 ug/ml. Interestingly, corn silk slightly decreased the expression level of A, Cells were treated with corn silk at various concentrations (0. 2.5, 7, 12, 25, and 70 ug/ml) for 24 h. B, Cells were treated with 25 ug/ml of corn silk for the indicated incubation times. C, Cells were treated with 25 ug/ml of corn silk preincubated without or with subtilisin B for 24 h. Corn silk was oxidized with periodate or treated with buffer, and dialyzed for incubation. Then, the cells were incubated with corn silk for 24 h. Ten ug of cell homogenate was analyzed in SDS-PAGE by the method described in ''Materials and Methods''. D, The corresponding medium was removed, and production of PGE 2 was measured with a PGE 2 enzyme immunoassay kit. The amount of PGE 2 released by non-stimulated cells was subtracted at the end of the corresponding incubation time. The data shown represent the mean AE SD of three independent assays. COX-2 above 25 ug/ml of corn silk. The decrease might have been caused by induction of a negative regulator such as heme oxygenase-1 (HO-1) . 15) HO-1 can exert protective effects against oxidative stress and inflammation. As an HO-1 producer, macrophages participate in inflammatory responses in which they produce high levels of prostaglandins and NO. There are several reports of possible interactions among inflammatory mediators and a negative regulator during inflammation. 16, 17) The role of HO-1 in the inflammatory response elicited by zymosan has been examined. After inflammation, there was a time-dependent increase in HO-1 expression in the leukocytes migrating into the exudates, and maximal HO-1 expression was accompanied by reduced COX-2 and iNOS expression as well as low levels of inflammatory mediators. 18) A similar pattern was observed for induction of iNOS after stimulation with corn silk. 7) As an anticoagulant, corn silk delayed thrombin time twice at 8.1 ug/ml using human plasma, and an apparent K i value of 3.1 ug/ml by corn silk was determined from analysis of the inhibition of thrombincatalyzed fibrin formation. 8) Induction of NOS and COX-2 occurred in a concentration range similar to that of its anticoagulating activity.
Activation of NF-B was involved in the induction process of NOS in murine macrophages stimulated by corn silk. 7) Expression of COX-2 also shares the same signaling pathway. Our results indicate that NF-Bspecific DNA-protein complex formation regulates the COX-2 induction process stimulated by corn silk. Several reports have indicated that activation of NF-B is required for induction of COX-2. During tumor promotion, up-regulation of COX-2 by NO was mediated by activation of NF-B in mouse skin. 19) In cultured rat vascular smooth muscle cells, interleukin-1 activates NF-B, and control of NF-B activation regulates the expression of NF-B-dependent genes, including iNOS and COX-2.
20)
Expression of COX-2 stimulated by corn silk has an influence on iNOS expression in macrophages. A selective COX-2 inhibitor, NS-398, reduced corn silkinduced NOS, and exogenously added PGE 2 or PGE 2 receptor agonists, butaprost and 11-deoxy PGE 1 , enhanced corn silk-stimulated iNOS expression and NO level, suggesting that a positive role of PGE 2 in the induction of iNOS and the stimulatory effects of PGE 2 on iNOS expression are mediated by EP2 and EP4 in macrophages. PGE receptors are divided into four subtypes, EP1, EP2, EP3, and EP4, and differ in their signal transduction mechanisms. 21) EP2 and EP4 are coupled to the stimulation of adenylate cyclase, which has been found to be linked to LPS-stimulated iNOS expression in murine macrophages.
11) It has been reported that quiescent macrophages express EP4 constitutively and that activated macrophages express both EP2 and EP4. 22) A stimulatory role of PGE 2 on NO production was also observed in Leishmania-infected macrophages, 23) muscularis resident macrophages of rat intestine stimulated with LPS, 24) and LPS-stimulated J774 macrophages. 25) Timoshenko et al. 26) have reported that endogenous PGE 2 resulting from COX-2 expression in highly metastatic murine breast cancer cells upregulates iNOS expression and NO production. This action of PGE 2 is mediated through the EP4 receptor. Cross talk between iNOS and COX-2 has been also suggested in the case of rat gastric mucosa. 27) In the LPS-treated rat gastric mucosa, PGE 2 enhances the release of NO after activation of iNOS, although NO produced by iNOS does not stimulate the release of PGE 2 by COXs.
Although the membrane receptor of corn silk has not yet been determined, certain membrane proteins are assumed to act as receptors in macrophages. A possible candidate is CR3, which is identified as the leukocyte membrane receptor for -glucan. 28) In both local and systemic experimentally induced inflammations, -glucan receptor is particularly useful for the sub-division of A, Effects of inhibitors involved in signal transduction pathways on expression of COX-2. Cells were pretreated with each inhibitor for 10 min and stimulated with 25 ug/ml of corn silk for 24 h. The cell lysates was subjected to electrophoresis and Western blot analysis using COX-2-specific Ab, as described in ''Materials and Methods''. Results were representative of three independent experiments. B, Kinetics of NF-B-specific DNA-protein complex formation in nuclear extracts of Raw 264.7 macrophages stimulated with corn silk. Cells were treated with 25 ug/ml of corn silk for 0, 1, 2, and 6 h. Nuclear extracts were prepared and NF-B DNA-protein binding activity in the extracts was determined by EMSA, as described ''Materials and Methods''. Arrows indicate NF-Bspecific DNA complex formation. M, addition of mutant NF-B. myeloid cells into individual populations. 29) Lebron et al. 30) have reported that -glucan acts as a potent inducer of macrophage activation through NF-B utilizing cellular receptors and signaling pathways distinct from LPS. Angelan, a polysaccharide from Angelica gigas, also stimulated macrophages and induced NF-B in murine macrophages. 31) In summary, we found that corn silk activates macrophages to express COX-2 via NF-B. Expression of COX-2 enhanced the expression level of iNOS by producing PGE 2 , which acts via EP2 and EP4 receptors on the surface of macrophages. A, Cells were pretreated with NS-398 (20, 50 uM) for 30 min, and stimulated with 25 ug/ml of corn silk for 24 h. B, Cells were stimulated with 25 ug/ml of corn silk for 24 h in the presence of PGE 2 (1, 10 uM). C, Cells were stimulated with 25 ug/ml of corn silk for 24 h in the presence of 11-deoxyPGE 2 (1, 10 uM), or butaprost (1, 10 uM), followed by Griess reagent assay for NO. The data shown represent the mean AE SD of three independent assays. The cell lysates were subjected to electrophoresis and Western blot analysis using iNOS-specific Ab, as described in ''Materials and Methods''. Results are representative of three independent experiments.
